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Edited by Peter BrzezinskiAbstract Cytochrome bd is a bacterial respiratory oxidase car-
rying three hemes but no copper. We show that nitric oxide (NO)
reacts with the intermediate F of cytochrome bd from Azoto-
bacter vinelandii: (i) with a 1:1 stoichiometry, (ii) rapidly
(k = 1.2 ± 0.1 · 105 M1 s1 at 20 C), and (iii) yielding the oxi-
dized enzyme with nitrite bound to heme d at the active site.
Unexpectedly, the NO reaction mechanism of this catalytic
intermediate in the CuB-lacking cytochrome bd appears similar
to that of beef heart cytochrome c oxidase, where CuB was pro-
posed to play a key role.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Cytochrome bd is a bacterial respiratory oxidase catalyzing
the reduction of O2 to H2O by ubi or menaquinol [1–4]. Unlike
heme-copper oxidases, it does not pump protons [5] and con-
tains no copper (neither CuA nor CuB) [6]. In cytochrome
bd, heme b-558 is the electron acceptor from quinols [7,8],
and heme d is the site, where the O2 chemistry takes place
[9,10], whereas the role of heme b-595 is still uncertain.
Although the X-ray structure of cytochrome bd is not available
yet, heme b-595 and heme d were proposed to form a binuclear
O2-reacting site, with heme b-595 mimicking CuB in the heme-
copper oxidases [11,12].
Apart from its role in energy conservation, cytochrome bd
plays other crucial physiological functions in bacteria, the en-
zyme being preferentially expressed under microaerobic and
other ‘stress’ conditions [1]. In pathogenic bacteria, mutations
in cytochrome bd result in a reduced virulence [13,14], as if this
enzyme were required for adaptation to conditions created byAbbreviations: NO, nitric oxide; Fed and Feb-595, iron center of heme d
and heme b-595 in cytochrome bd; Fea and Fea3 : iron center of heme a
and heme a3 in beef heart cytochrome oxidase; F, ferryl-oxo species;O,
fully oxidized species; SVD, singular value decomposition; CcOX,
cytochrome c oxidase
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doi:10.1016/j.febslet.2006.07.072host immunity, and in particular for colonization of O2-poor
environments [15–17].
Since nitric oxide (NO) is produced by the host to counteract
microbial infection, it is relevant to study the reactions of NO
with cytochrome bd. Recently, we reported that NO, previ-
ously shown to bind at ferrous heme d with high aﬃnity
[18,19], inhibits potently (Ki  100 nM at 70 lM O2) cyto-
chrome bd isolated from Escherichia coli and Azotobacter vin-
elandii [20], the inhibition being quickly reverted upon NO
depletion. Although inhibition of cytochrome bd by NO occurs
in competition with O2, the enzyme is rapidly inhibited by
fairly low NO concentrations (<1 lM) even in the presence
of a large excess of O2 [20]. As a tentative explanation for this
observation, we suggested the existence of catalytic intermedi-
ate(s) displaying preferential reactivity for NO over O2 [20].
It was reported earlier that in bovine CcOX, NO reacts read-
ily with the ferryl-oxo catalytic intermediate (compound F,
Fe4+ = O2), and the reaction was proposed to involve interac-
tion of the ligand with CuB [21,22]. Here, we show that the fer-
ryl-oxo intermediate of the CuB-lacking A. vinelandii
cytochrome bd does also react rapidly with NO, that is sug-
gested to react directly with the ferryl heme.2. Materials and methods
Cytochrome bd from A. vinelandii strain MK8 was puriﬁed accord-
ing to [18] in a single-electron reduced, O2-bound state and its concen-
tration determined from the reduced minus ‘as isolated’ absorption
spectrum, using De628605 = 12 mM
1 cm1 [18].
Stock solutions of NO (Air Liquide, Paris, France) were prepared by
equilibrating degassed water at room temperature with the pure gas at
1 atm; NO concentration in solution was checked by spectrophotomet-
ric titration of reduced bovine CcOX.
Static absorption spectra were recorded with a double-beam spectro-
photometer (Jasco V-550) in a 1-cm light-path cuvette. Amperometric
NO measurements were carried out at room temperature using Clark-
type selective electrodes (ISO-NOMarkII or Apollo 4000 Free Radical
Analyzer, World Precision Instruments, Sarasota, FL, USA), inserted
into a 1 mL gas-tight chamber. Stopped-ﬂow (Applied Photophysics,
Leatherhead, UK) experiments were carried out at 20 C. Buﬀer:
50 mM potassium phosphate pH 7.0, 40 lM EDTA, 0.02% dodecyl-
b-D-maltoside. Data analysis was carried out using the software MAT-
LAB (The Mathworks, South Natick, MA).
According to [23], the F intermediate of cytochrome bdwas generated
by 5 min incubation of the enzyme ‘as isolated’ with H2O2 (1–5 mM),
followed by addition of either glucose (5 mM), glucose oxidase (8 U/
mL) and catalase (260 U/mL) for the stopped-ﬂow experiments, or only
catalase for the amperometric experiments; in the latter case, samples
were degassed by N2-equilibration prior to addition into the reaction
chamber. Intermediate F was stable for several minutes in the dark,blished by Elsevier B.V. All rights reserved.
Fig. 1. The reaction stoichiometry. Three aliquots of 720 nM NO were
anaerobically added to the reaction chamber; afterwards two aliquots
of 300 nM enzyme in the F state were added, causing the disappear-
ance of an approximately equimolar amount of NO from solution.
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tion by the white light beam of the stopped-ﬂow instrument. In stopped-Fig. 2. The reaction kinetics by stopped-ﬂow. (A) Time-resolved absorption s
the F state with 100 lM NO. T = 20 C. (B) Diﬀerence spectra (reference: sp
direction of absorption changes along the reaction. (C) Best ﬁt to a single exp
SVD analysis of the data in B. Inset: overall absorption changes associated wi
constant k = 1.2 ± 0.1 · 105 M1 s1 and y-axis intercept k 0  0.02 s1.ﬂow experiments, light intensity was therefore decreased to let interme-
diate F be stable over at least 30 s after mixing. According to [24], fully
oxidized cytochrome bdwas generated by incubating the enzyme ‘as iso-
lated’ with tetrachloro-1,4-benzoquinone (100 lM) for 30 min.3. Results
3.1. The stoichiometry
The amperometric experiment in Fig. 1 shows that addition
of cytochrome bd in the F state to anaerobic buﬀer containing
excess NO induces the disappearance from solution of an
approximately equimolar amount of NO (1.04 ± 0.08
(n = 12) mol of NO per mole of enzyme).
3.2. The kinetics
When mixed anaerobically with a buﬀer containing 100 lM
NO, the F state of the enzyme (680 nm) decays within 1 s into a
species characterized by a broad band around 625 nm
(Fig. 2A). The corresponding time-resolved absorption
changes (Fig. 2B) were analyzed by singular value decomposi-
tion (SVD, [25]). As shown in Fig. 2C, the reaction follows apectra collected from 5 ms to 1 s after mixing 7.9 lM cytochrome bd in
ectrum collected at 1 s after mixing). Arrows in A and B indicate the
onential decay (k 0 = 6.4 s1) of the reaction time course, as obtained by
th the reaction. (D) Pseudo-ﬁrst-order plot, yielding a second-order rate
Fig. 3. The reaction product. Enzyme concentration: 3.95 lM. Solid
line: diﬀerence spectrum of cytochrome bd in the F state after reaction
with 50 lM NO (baseline: oxidized enzyme as obtained photochem-
ically, by illuminating for 10 s the F intermediate of cytochrome bd
with the white-light beam of the stopped-ﬂow instrument at its
maximal intensity). Dashed line: diﬀerence spectrum of fully oxidized
enzyme after 20-min incubation with 10 mM nitrite (baseline: fully
oxidized enzyme as obtained by 30-min incubation of the ‘as isolated’
enzyme with 0.1 mM tetrachloro-1,4-benzoquinone [24]). Inset: Dif-
ference between two spectra (dashed–solid) depicted in the main panel.
V.B. Borisov et al. / FEBS Letters 580 (2006) 4823–4826 4825single-exponential decay with k 0 = 6.4 s1. The pseudo ﬁrst-
order rate constant was linearly dependent on NO concentra-
tion (Fig. 2D), and from regression analysis the second-order
rate constant k = 1.2 ± 0.1 · 105 M1 s1 was estimated.
3.3. The reaction product
Fig. 3 shows the diﬀerence spectrum of cytochrome bd in the F
state after reaction with NO (solid line) and that of the fully oxi-
dized enzyme (O) reacted with nitrite (dashed line), recorded
versus a reference state O generated either photochemically or
by incubation of the ‘as isolated’ enzyme with tetrachloro-1,4-
benzoquinone (see legend to Fig. 3). The two spectra are similar;
the slight diﬀerences around 680 nm are most likely due to min-
or contamination of the photochemically producedO species by
the F intermediate (<10%). Indeed, the diﬀerence between the
two spectra (Fig. 3, inset) is virtually identical to the F-minus-
O spectrum of cytochrome bd (see Fig. 1 in [26]). The data
suggest that the product of the NO reaction with the intermedi-
ate F of cytochrome bd is the complex of the fully oxidized en-
zyme (O) with nitrite bound, presumably, at heme d3+.4. Discussion
We have shown that the catalytic intermediate F of A. vine-
landii cytochrome bd reacts rapidly with NO, with a 1:1[Fea34+=O2-  CuB2+] + NO → [Fea34+=O2-  CuB1+· N
Scheme 1
[Fed4+=O2-  Feb-5953+] + NO → [Fed4+=O2-  Feb-5952+· 
Scheme 2stoichiometry. The reaction proceeds at k = 1.2 ± 0.1 ·
105 M1 s1, which is even faster than the analogous reaction
described for the F intermediate of bovine CcOX (k  1–
2 · 104 M1 s1, [21,22]). The product of the reaction displays
the absorption characteristics of the fully oxidized enzyme
complex with nitrite bound to heme d, a state that is expected
to be inhibited [27].
The relatively high stability of intermediate F under aerobic
conditions [28] and at the same time its facile reactivity to-
wards NO make the F state a likely candidate for interaction
of NO with cytochrome bd in turnover. The latter reaction
probably accounts for the fast onset of inhibition observed
at low [NO]/[O2] ratios [20]. Moreover, rapid reaction of NO
with the F intermediate of cytochrome bd under turnover con-
ditions may contribute to explain the low Ki value (100 nM
NO at 70 lMO2) previously reported [20]. Since cytochrome
bd of pathogenic bacteria seems to be involved somehow in
development of the infection process [13–17], inhibition of
the bd-type oxidases by NO may be used by the host to coun-
teract bacterial proliferation and/or transition to a virulent
state.
In bovine CcOX, the reaction of NO with intermediate F has
been proposed [21,22] to involve oxidized CuB (Scheme 1),
whereby NO donates one electron to Cu2þB yielding nitroso-
nium ion (NO+) and Cu1þB [21,22]. Reduced CuB is then rapidly
reoxidized by the nearby ferryl-oxo heme a3, yielding the ferric
state ðFe3þa3 Þ; concomitantly, NO+ is hydrated to nitriteðHNO2=NO2 Þ, which binds to Fe3þa3 causing inhibition of the
enzyme. This mechanism was originally proposed by Cooper
and co-workers [29] for reaction of NO with the ‘pulsed’ form
of the oxidized bovine oxidase and was extended by analogy to
the reaction of the ligand with the intermediates F and P
[21,22].
However, CuB is absent in bd-type oxidases, hence the results
on cytochrome bd from A. vinelandii herein reported may ques-
tion the above mechanism. It cannot be excluded that, in the
reaction of NO with intermediate F, heme b-595 in cytochrome
bd mimics the role of CuB in CcOX (Scheme 2). However, no
absorption changes arising from binding of NO to heme b-595
in either redox state could have been observed so far. There-
fore, we think that the direct reaction of NO with the ferryl-
oxo state of heme d is much more likely (Scheme 3). The latter
reaction mechanism is much simpler and conforms to that pro-
posed for myoglobin and hemoglobin [30,31].
Preliminary experiments have been carried out also on the
reaction of NO with the fully oxidized cytochrome bd. In this
case, the reaction is much slower then with oxidized, ‘pulsed’
CcOX (k < 103 M1 s1 vs k = 2.2 · 105 M1 s1 at 20 C
[32]). Hence, as originally proposed [29], it is likely that in
the reaction of NO with fully oxidized CcOX, CuB is indeed
involved, the reaction proceeding via a diﬀerent mechanism
in the CuB-lacking cytochrome bd. Experiments on this issue
are in progress.O+]  +  H2O→ [Fea33+ ·HNO2 CuB2+] + OH-
.
NO+]  +  H2O→ [Fed3+ ·HNO2 Feb-5953+] + OH-
.
Fed4+=O2- + NO → Fed3+-NO2-
Scheme 3.
4826 V.B. Borisov et al. / FEBS Letters 580 (2006) 4823–4826Thus, we conclude that: (i) at least for some terminal oxi-
dases CuB is obviously dispensable to account for the reaction
of intermediate F with NO, and (ii) it is possible that in both
bd- and heme-copper type oxidases the pathway involves the
direct reaction of NO with the ferryl-oxo heme adduct, casting
some doubts on the unique role previously assigned to CuB
[21,22].
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